We study hadronic decays of mesons and baryons in the context of the Dyson-Schwinger equations of QCD. Starting from a well-established effective interaction in rainbow-ladder truncation, we consistently calculate all ingredients of the appropriate decay diagrams. The resulting strong couplings are presented as functions of the quark mass from the chiral limit up to the respective decay thresholds. In particular, we investigate the ρ → ππ and for the first time the ∆ → N π transitions. Both meson and baryon results compare well to available lattice QCD results as well as experimental data and present the first step towards a comprehensive covariant study of hadron resonances in the Dyson-Schwinger approach.
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I. INTRODUCTION
In hadron physics the strong interaction dominates the decay width of a resonance if appropriate hadronic channels are open. Thus, strong decays are an issue of paramount interest and any study of hadrons as mere bound states is necessarily incomplete if the states under investigation lie above the relevant thresholds.
Consequently, strong decays of hadrons in terms of composites of quarks and gluons have been studied from the beginning, e.g., in quark models, and various decay mechanisms, formulations, and levels of sophistication have been employed over the years. We exemplarily mention harmonic-oscillator models [1] [2] [3] , the elementary-emission model [4] [5] [6] [7] , flux-tube breaking [8] [9] [10] , the quark-pair creation or 3 P 0 mechanism [11] [12] [13] and a simple coupled-channel formulation of meson resonance properties in relativistic Hamiltonian dynamics [14] [15] [16] [17] . These approaches range from the aforementioned non-and semirelativistic as well as fully Poincaré invariant quark-model calculations with various interactions to reductions of a Bethe-Salpeter treatment of hadrons, e.g., [18] [19] [20] [21] . Ideally one would have a consistent and comprehensive coupled-channel calculation of meson and baryon resonances, see e.g. [22] . However, to consistently implement an analogous approach within QCD is challenging. Recent lattice studies provide promising progress [23] [24] [25] [26] [27] [28] [29] ; nevertheless it is encouraging that reasonable results can already be obtained without working with resonances from the very beginning.
In the Dyson-Schwinger-equation (DSE) approach to QCD two-body systems are described by the BetheSalpeter equation (BSE) . Hadronic transition processes were considered in [30, 31] , and an exploratory study of the strong decay of light vector mesons to two pseudoscalars was performed in this framework some years ago [32] . Here we revisit this study and investigate in de- * valentin.mader@uni-graz.at tail both model-parameter and quark-mass dependence of the results, and we compare to experimental data and analogous calculations in lattice-regularized QCD.
As the next important step towards a comprehensive investigation of the entire hadron spectrum, we generalize this calculation to a strong baryon decay and calculate the hadronic coupling of the ∆−baryon to N π. The ∆(1232) resonance plays an important role in pion-nucleon scattering and pion photoproduction experiments; see [33, 34] for recent reviews. Its experimental width mainly owes to the decay into a nucleon and a pion, whereas the electromagnetic ∆ → N γ decay channel is considerably suppressed. The corresponding strong coupling constant g ∆N π has been studied in various approaches, e.g., in the quark model [35, 36] , in meson-exchange models [37, 38] , via light-cone sum rules [39, 40] , and recently also in lattice QCD [41] . The ∆−baryon is an essential component in a realistic description of meson-baryon interactions in nuclear physics, for instance via chiral effective field theories, and the computation of the ∆N π vertex from its underlying quark-gluon dynamics is an important task in hadron physics.
The present study is motivated by recent successes in the implementation of the Dyson-Schwinger approach to various aspects of hadron phenomenology. In particular we make use of a well-established effective model setup in rainbow-ladder (RL) truncation, together with the consistent extension to a quark-diquark picture for baryons. Successful applications of this setup pertain to various observables: meson spectra and leptonic decay constants of pseudoscalar and vector mesons were studied over the full range of quark masses from chiral limit to bottomonium [42, 43] , and recently the feasibility of such meson studies for any spin has been demonstrated [44] . Electromagnetic properties of pseudoscalar and vector mesons involve a consistent construction of the electromagnetic interaction process via triangle diagrams analogous to the one used here [45] [46] [47] [48] . They have proven to be an excellent example for the importance of correctly implementing the symmetry properties of the underlying theory in The extension of the approach to baryons can be simplified via the introduction of diquarks [49] [50] [51] . The corresponding investigations of baryons in a covariant quarkdiquark setup have already undergone considerable development [52] [53] [54] [55] [56] [57] [58] and very recently culminated in the first genuine three-quark treatment of nucleon and ∆ masses and nucleon electromagnetic form factors in the covariant Faddeev framework [59] [60] [61] [62] .
This article is organized as follows: in Section II we collect the necessary building blocks of the approach; the ρ → ππ and ∆ → N π transition diagrams are worked out in Section III; Section IV contains our results for both meson and baryon sectors; and we conclude in Section V. Decay-width formulas and the color-flavor traces of the decay diagrams are collected in the appendices. All calculations are performed in Euclidean momentum space and in the isosymmetric limit in Landau gauge QCD.
II. BUILDING BLOCKS
Our investigation of hadronic decays involves numerical solutions of several integral equations whose properties and solutions have been studied elsewhere. In particular, we are concerned with the quark DSE, the meson and diquark BSEs and, in the context of baryons, the quark-diquark BSE. In the following we briefly review these equations and the properties of their solutions, and for each case we refer the reader to more detailed discussions in the literature.
A. Truncation and effective interaction
Numerical model studies of hadrons such as the one presented here necessitate a truncation of the infinite tower of DSEs. In the following we will restrict ourselves to the RL truncation which substitutes the fully dressed quark-gluon vertex with a bare vertex. Its counterpart in a hadronic bound-state equation is a gluon ladder kernel, i.e. a dressed iterated gluon exchange between two quarks. The combined strength of the gluon propagator and quark-gluon vertex is then modeled by an ansatz. Phenomenologically important directions of improvement beyond RL involve the implementation of pseudoscalar meson-cloud effects but also other structures in the quark-gluon vertex and theandkernels, see [63] [64] [65] and references therein.
The RL truncation offers many advantages. It is simple to implement, but at the same time allows for sophisticated model approaches to QCD within the DSE-BSE context since it satisfies the axial-vector and vector Ward-Takahashi identities (see e.g. [45, 46, [66] [67] [68] [69] [70] [71] ). The axial-vector Ward-Takahashi identity is essential for the correct realization of chiral symmetry and its dynamical breaking in any model calculation. In particular, it imposes constraints upon the construction of the integralequation kernels. As the most prominent result, Goldstone's theorem is satisfied [70] and one obtains a generalized Gell-Mann-Oakes-Renner relation valid for all pseudoscalar mesons and all current-quark masses [72, 73] . The vector Ward-Takahashi identity on the other hand is the guiding principle for the construction of consistent electromagnetic currents.
In RL truncation the equations as presented in the following subsections contain an essential model ingredient, namely an effective interaction G which we choose from Ref. [74] as
where k is the gluon momentum and Z 2 the quark renormalization constant. This particular form has been employed in many of the works listed as successes of the approach in the introduction. It provides the correct amount of dynamical chiral symmetry breaking as well as quark confinement via the absence of a Lehmann representation for the dressed quark propagator. Furthermore, it has the correct perturbative limit, i. e. it preserves the one-loop renormalization group behavior of QCD for solutions of the quark DSE. Following [74] , we have
234 GeV, and γ m = 12/(33 − 2N f ). The main motivation of this function, which mimics the behavior of the product of quarkgluon vertex and gluon propagator, is of phenomenological origin. While currently debated on principle grounds (e.g. [75, 76] ) the impact of its particular form in the far IR on meson masses is expected to be small (see also [77] for an exploratory study in this direction).
The phenomenologically important regime, in particular with respect to light meson (e.g., pion) properties, is the intermediate-momentum region, modeled by the Gaussian term in Eq. (1) . D and ω, in principle free parameters of the model interaction, can be used to investigate certain aspects of both the interaction and the bound states in the BSE. In particular one can interpret D as an overall strength and ω as an inverse effective range of the interaction. In the range ω ∈ [0.3, 0.5] GeV, the prescription D × ω =: Λ 3 IR = const. follows from fitting of the model parameters to ground-state properties [74] and defines a one-parameter model, characterized by a fixed infrared scale Λ IR = 0.72 GeV. Apparently [43] an insensitivity of an observable to ω in this prescription is characteristic for a ground state, while orbitally or radially excited-state properties show considerable dependencies on ω. In the present work, we also consider such a possibility and plot bands to indicate the model-parameter dependence of our results.
B. Quarks
The Dyson-Schwinger equation for the quark propagator in rainbow truncation is illustrated in the left panel of Fig. 1 and reads
where S(p) is the renormalized dressed quark propagator, p and k = p − q are the quark and gluon momenta, and q = d 4 q/(2π) 4 represents a four-momentum inte-
ν is the bare quark-gluon vertex, and G(k 2 ) is the effective interaction defined above in Eq. (1). Dirac and flavor indices have been omitted for simplicity and the factor 4 /3 comes from the color trace. The bare current-quark mass m 0 is the input of the equation. The solution of Eq. (2) requires a renormalization procedure, the details of which can be found together with the general structure of the quark DSE in e.g., [72, 74] .
S(p) is an important ingredient in all of the following. We note that its solution as an input for the various BSEs described below must be known in a parabola-shaped region of the complex p 2 plane, the size of which is proportional to the mass of the respective bound state that it helps to constitute. As a result, a sophisticated numerical approach is needed and we refer the reader to [78] for a description of our particular solution method.
C. Mesons
In our framework mesons with totalmomentum P and relativemomentum p are studied via the meson BSE. Its structure in RL truncation is shown in the right panel of Fig. 1 and reads
where Γ M (k; P ) is the Bethe-Salpeter amplitude and χ M (q; P ) = S(q + ) Γ M (q; P ) S(q − ) is referred to as the Bethe-Salpeter wave function. The quark and antiquark propagators depend on the (anti)quark momenta q + = q + ηP and q − = q − (1 − η)P , where η ∈ [0, 1] is a momentum partitioning parameter usually set to 1/2 for systems of equal-mass constituents (which we do as well). The quark-antiquark interaction kernel is given by a ladder dressed-gluon exchange, whose dependence on the gluon momentum is characterized by the same effective interaction, Eq. (1), as in the quark DSE Eq. (2). The combined set of truncated equations (2) and (3) thus already by construction satisfies the axial-vector WardTakahashi identity.
The general dependence of the meson amplitude on the various four-momenta can be written in terms of N covariant structures T i reflecting the quark and antiquark spins, together with scalar components
where semicolons separate four-vector arguments, and N = 4 for mesons with total spin J = 0 and N = 8 otherwise (see e.g., [44] ). A detailed account of the T i for pseudoscalar and vector mesons as needed in our calculation can be found in Ref. [43] . The components are scalar functions of their three scalar arguments: the total momentum squared P 2 , the relative momentum squared q 2 , and an angular variable q · P . Note that for an on-shell amplitude
is fixed, while one artificially varies P 2 in the solution process of the homogeneous BSE (see e.g., [79, 80] , where also all necessary details on the numerical solution method can be found). In the corresponding inhomogeneous vertex BSE on the other hand, one would have P and therefore also P 2 as a completely independent variable (see, e.g. [79, 81, 82] ). Thus, the on-shell scalar components F i (q 2 , q ·P, P 2 ) effectively depend on the two variables q 2 and q · P . The latter can be parameterized by the variable z ∈ [−1, 1] related to the cosine defining the angle between P and q. With such a reparameterization in mind, the components F i can be expanded further in Chebyshev polynomials, which leaves Chebyshev moments of the F i as sole functions of q 2 (for details and an illustration of Chebyshev moments, see [72, 83] ).
For our case very few Chebyshev moments are sufficient to produce converged results. However, in the context of the decay processes we note that, as a result of the kinematics in the triangle diagram as shown below, one needs to know the Bethe-Salpeter amplitudes in a certain region for the relative momentum squared p 2 in the complex plane. We achieve this by a continuation of the relevant Chebyshev polynomials into the complex p 2 plane via a Taylor-expansion technique up to 4th order which yields a converged result.
D. Diquarks
The relevance of diquark degrees of freedom in hadron physics has been reviewed in [49] , and diquarks are in many respects conceptually similar to mesons. In our setup, diquark correlations appear as structures in a quark-quark system whose properties can depend on the truncation or the effective interaction. In particular, in RL truncation diquarks appear as timelike poles in the quark-quark T −Matrix, which is an unphysical result since diquarks are not color singlets but elements of an antisymmetric color antitriplet. This has been identified as a truncation artifact, i.e., diquarks disappear from the physical spectrum beyond RL truncation [84] . Nevertheless, the significance of diquark correlations as binding structures within baryons has become apparent in various baryon form-factor studies, see e.g. [56, 58, 62, 85] . Moreover, the diquark concept has received support from investigations of diquark confinement in Coulomb-gauge QCD [86] .
In our particular case the diquark BSE in RL truncation reads
where C is the charge-conjugation matrix, Γ D is the diquark amplitude, χ D (q; P ) C = S(q + ) Γ D (q; P ) C S(q − ), and for all practical purposes the only difference to the meson BSE Eq. (3) is the color factor. In the description of baryons as quark-diquark bound states and also for the description of baryonic transitions as given below one needs to know not only the diquark amplitudes but also the diquark propagator. A defining equation for this propagator can be consistently derived from the two-quark Dyson equation and reads schematically [59] 
which still contains on-shell amplitudes Γ D resulting from Eq. (5). To obtain the propagator D for general P 2 appropriate ansätze for the off-shell amplitudes are chosen [59] . K is the same quark-quark interaction kernel that enters Eqs. (3) (4) (5) , and a bar on an amplitude denotes charge conjugation: Γ(q, P ) = C Γ(−q, −P ) T C T .
E. Baryons
In this work baryons are interpreted as bound states of a quark and a diquark, which reduces the three-quark problem to an effective two-body problem derived via omission of three-quark interactions and a pole ansatz in the quark-quark T -matrix, see e.g., [52] [53] [54] 59 ]. The interaction in the resulting equation is an iterative quark exchange, where in every iteration step the spectator quark and one quark inside the diquark exchange roles. This quark-diquark BSE is illustrated in Fig. 2 and reads
where Γ α B are the quark-diquark amplitudes of the respective baryon. Their general Dirac-Lorentz structure is described e.g. in Refs. [52, 59] and their decomposition in terms of covariant basis elements and Lorentz-invariant components is analogous to the previously discussed case of a meson amplitude, i.e., Eq. (4) and below. The quarkdiquark exchange kernel is given by
with p q,d and k q,d being the external and internal quark and diquark momenta and p r , k r the relative momenta that enter the diquark amplitudes, cf. Fig. 2 . The treatment of light baryons such as the nucleon and ∆ in the quark-diquark approach usually retains the lightest diquark degrees of freedom, i.e., scalar and axialvector diquarks. The ∆ baryon then involves only axialvector diquark correlations whereas the nucleon contains both. As a consequence, the ∆N π coupling will involve axial-axial contributions as well as axial-scalar diquark transitions. The superscripts in Eqs. (7-8) account for both kinds of diquarks and an implicit sum over these indices is understood: Γ α are scalar (α = 0) or axial-vector diquark amplitudes (α = 1 . . . 4) obtained from their respective diquark BSEs (5), and D 00 and D ββ denote the scalar and axial-vector diquark propagators, respectively. The color-flavor trace in Eq. (7) reads c (00) = −c (αβ) = − 1 /2 and c (0α) = c (α0) = √ 3 /2 for the nucleon, whereas in the case of the ∆ it is given by c (αβ) = −1. For details on the solution of the quarkdiquark BSE we refer the reader to Refs. [59, 87] .
III. HADRONIC DECAYS
Given a certain truncation of the DSE-BSE system, one can compute observables involving various currents through a consistent construction of the relevant invariant transition matrix elements. In our case we consider transitions between three hadrons and need a quark-level picture of the corresponding matrix elements. In the meson case, for RL truncation one arrives at a so-called triangle diagram [32] , depicted in Fig. 3 , which corresponds to a generalized impulse approximation. Analogous diagrams are used at this level for, e.g., meson electromagnetic form factors [45] . For baryons an appropriate construction is also possible and given below.
A. Mesons: ρ → ππ
For the meson sector we investigate the ρ → ππ transition which, in terms of Lorentz quantum numbers, corresponds to an V P P -vertex. As in the usual kinematical setup for a two-body decay one has the total ρ−meson momentum Q and the relative momentum of the pion decay products P = (P 2 − P 1 )/2. All mesons are onshell, i.e. Q 2 = −m 2 ρ and P
π , which entails P · Q = 0. Due to the transversality of the ρ-meson the most general Dirac-Lorentz structure of the transition can be parametrized as
where g ρππ is its dimensionless coupling constant. The corresponding triangle diagram is illustrated in Fig. 3 and reads More generally, the ρππ transition matrix element corresponds to the coupling of the pion to an external vector current. Specifically, if the ρ−meson amplitude that appears in Eq. (10) were replaced by the dressed quark-photon vertex, evaluated at arbitrary momentum squared Q 2 , the respective triangle diagram would constitute the pion's electromagnetic form factor: Λ µ γππ = 2P µ F π (Q 2 ). As the photon fluctuates into ρ 0 , the dressed quark-photon vertex, obtained from its inhomogeneous BSE, self-consistently develops a ρ−meson pole whose on-shell residue is proportional to the ρ−meson amplitude Γ µ ρ [45] . Such a purely transverse component is an important ingredient in various hadronic formfactor studies where it contributes typically ∼ 50% to π, N and ∆ squared electromagnetic radii [45, 48, 85, 88] . Consequently, the residue of the pion form factor at the ρ−meson pole Q 2 = −m 2 ρ is proportional to g ρππ :
In the present study we are primarily interested in the value of g ρππ on the mass shell
In a covariant formalism such as ours, one may simply choose a frame of reference-in our case the rest frame of the decaying particle-by setting Q = (0, 0, 0, im ρ ) and P = (0, 0, κ, 0), where
π . Then, together with Eq. (10), g ρππ is straightforward to evaluate numerically.
B. Baryons: ∆ → N π
In the baryon case, the coupling of an on-shell nucleon and ∆−baryon to a pseudoscalar current is described by the pseudoscalar transition form factor G ∆N π (Q 2 ). The ∆-baryon is a spin-3/2 particle and is thus represented by a Rarita-Schwinger spinor. Combined with the restriction to positive energies for the nucleon and ∆, the most general Dirac-Lorentz structure of the respective interaction vertex is given by
where P i , P f are the incoming ∆ and outgoing nucleon momenta, Q = P f − P i is the pion momentum, and Λ + B (k) = (1 +/ k)/2 is the positive-energy projector of the baryon withk being the respective normalized momentumP i orP f . The Rarita-Schwinger projector of the ∆ reads
where T νµ k is a transverse projector with respect to k and the γ−matrices γ µ T are transverse to k as well. At the quark level, the coupling of nucleon and ∆ to a pseudoscalar current is represented by the quarkpseudoscalar vertex Γ 5 . The latter satisfies an inhomogeneous BSE which has the same structure as Eq. (3) for an additional inhomogeneous term on the right-hand side [72] :
Its residue at the pion pole
π is proportional to the homogeneous pion amplitude Γ π (cf. also [72, 82] ):
where f π is the (calculated) pion decay constant and m 0 is the bare current-quark mass that enters the quark DSE (2). The solution for Γ 5 provides an off-shell expression for the pion amplitude Γ π and thereby allows to compute the pseudoscalar transition form factor at spacelike momenta Q 2 > 0. Then, G ∆N π (Q 2 ) corresponds to the form factor obtained from Γ π (p, Q) in Eq. (15) , where the pion pole as well as its residue are removed, and its on-shell value is the ∆N π coupling constant
For the ∆ → N π system the construction analogous to Eq. (10) is more complex since there are diquarks as well as quarks present as constituents of the states involved in the transition. Moreover, the pion will not only interact with the quarks and diquarks directly but can couple to the quark-diquark kernel as well, i.e. impulseapproximation diagrams alone are no longer sufficient in studying the ∆ → N π transition.
A systematic procedure to derive the coupling of a baryon to an external current is the gauging-of-equations method of Refs. [89] [90] [91] . In the context of baryon electromagnetic form factors it has been applied to the quark-diquark model [92] as well as the three-quark approach [62] . The starting point is to identify the current with the residue of the 'gauged' quark-diquark (or threequark) T −matrix on the baryon's mass shell. Upon exploiting the relation between the T −matrix and the kernel of the respective bound-state equation, the hadronic matrix elements of the current are obtained as a sum of diagrams that describe the coupling of the current to all ingredients at the constituent level, i.e. in our case to the quark and diquark propagators as well as the quark-diquark kernel. The procedure can be applied for mesons as well where, in the case of a rainbow-ladder quark-antiquark kernel, the triangle diagram of Fig. 3 is recovered.
The generalization of the method from an electromagnetic to a pseudoscalar current, as well as different kinds of baryons in the initial and final state, is straightforward. The resulting diagrams are displayed in Fig. 4 and involve impulse-approximation couplings to the quarks and diquarks as well as a coupling to the exchanged quark that appears in the quark-diquark kernel. In principle there would be further diagrams that contain seagulls, i.e., pseudoscalar couplings to the diquark amplitudes. For electromagnetic form factors such seagull contributions are typically small [56, 59] but necessary to ensure electromagnetic gauge invariance; however, in the present case we do not consider them further. The ∆N π transition matrix element is then decomposed as
where the three contributions are given by
Here we suppressed the explicit momentum dependencies for brevity. The kinematics are analogous to the electromagnetic form-factor case and are described, e.g., in App. C.1 of Ref. [58] . Γ We note that all ingredients of Eq. (17) are determined self-consistently: Eqs. (2), (5-7) and (14) provide the dressed quark propagator, the scalar and axial-vector diquark amplitudes and propagators, the baryon amplitudes and the pseudoscalar vertex. The diquark-pion vertices are obtained in analogy to Eq. (10), i.e. through respective triangle diagrams. The color and flavor traces in Eq. (17) are worked out explicitly in App. B.
IV. RESULTS AND DISCUSSION
The building blocks of the ρ → ππ and ∆ → N π transition matrix elements have been determined in the previous sections and we proceed with computing Eqs. (10) and (16) numerically. The Lorentz-invariant coupling constants g ρππ and g ∆N π are extracted via appropriate momentum contractions and Dirac traces, cf. Eq. (A12). Since within our chosen truncations the ingredients of the equations for g ρππ and g ∆N π are computed selfconsistently, the effective quark-gluon coupling defined in Eq. (1) is the only model parametrization with impact upon the results. We explore the sensitivity to this ansatz by varying the ω parameter from its central value ω = 0.4 GeV which is indicated by the colored bands in the plots of this section.
A. Mesons
Our result for g ρππ at the physical u/d-quark mass is shown in Table I and compared to the experimental point given by the PDG [93] . In Fig. 5 we plot g ρππ as a function of the pion mass squared and compare to recent lattice results [23] [24] [25] [26] [27] [28] .
The following observations are important: first, both the magnitude and m 2 π dependence of our results are in agreement with lattice results, including a slight underestimation of the experimental value by about 15%. Second, the ω dependence of the result is small, which results from the ground-state characteristics of the π-and ρ-meson amplitudes regarding their dependence on the relative-momentum squared. This second point also solidifies the result of [32] where only the central value of our band, ω = 0.4 GeV was used.
Next, the very weak dependence on m 2 π compares well to analyses using chiral perturbation theory [94] [95] [96] , where one concludes from the strong phase-space dependence of the decay width that the coupling's m 2 π -dependence should indeed be close to zero. Consequently, when plotting the ρ → ππ decay width in our approach as a function of m 2 π , Fig. 5 , the falloff can be almost completely attributed to the phase-space factor in Eq. (A11) and the width vanishes when the decay channel closes.
While comparison to experiment is favorable, the small difference between our result and the experimental value for g ρππ warrants some discussion. The present model calculation uses a simple truncation, but an effective interaction which is fitted to the pion mass and underestimates the ρ-meson mass by about 5%. While the resulting kinematical mismatch is responsible for a small part of the difference, the main contributions are others. Even though one has to expect some effect from non-resonant corrections to RL truncation, the main improvement would be a self-consistent treatment of the ρ meson as a resonance, i.e., an inclusion of an explicit ππ decay channel in the interaction kernel of the vectormeson BSE, in which, of course, also a different (refitted) effective interaction would have to be used. However, such an approach is much more involved than the present one and clearly beyond the scope of this study, in particular for the baryon case. In addition, the reasonably small difference to the experimental value of g ρππ gives reason to expect that for this particular transition the present approach is at least a reliable gauge for future studies and results. The masses are given in GeV; the coupling constants are dimensionless.
B. Baryons
The decay width of the ∆−baryon is governed almost exclusively by the strong interaction, namely via the decay into the nucleon and a pion. The only other decay channel, the electromagnetic ∆ → N γ transition, has a branching fraction of less than 1%. Experimentally, Γ ∆ = 118(2) MeV [93] , from which the corresponding coupling strength g ∆N π = 29.4(2) can be inferred via Eq. (A11). Different conventions that are commonly employed in the literature read
with g ∆N π ≈ 2.16 and g ∆N π ≈ 15.7 GeV −1 .
For general off-shell momenta the ∆ → N π coupling is described by the pseudoscalar transition form factor G ∆N π (Q 2 ) which we obtain from Eqs. (16) and (A12). To compute the Q 2 −dependence of the form factor we work in the Breit frame where the pion momentum is given by Q = (0, 0, |Q|, 0). This has the advantage that the relative momenta in the baryon amplitudes are real and no continuation into the complex plane is necessary. However, due to the difference in the nucleon and ∆ masses, the singularity structure in the quark and diquark propagators imposes kinematical constraints on the accessible Q 2 region from both below and above. Hence, to obtain the form factor g ∆N π = G ∆N π (Q 2 = −m 2 π ) at the pion mass, we fit our results at spacelike Q 2 with a dipole form:
where G ∆N π (0) and Λ π are free fit parameters. Our result for the transition form factor G ∆N π (Q 2 ) at the physical u/d mass is shown in the left panel of Fig. 6 . Its computed value in the kinematically allowed range is plotted as a band with solid margins, where the width of the band corresponds to the model parameter ω, whereas the fit results in the unaccessible region are shown as dashed lines. The resulting value of the strong coupling constant, g ∆N π = 28.1, is remarkably close to the experimental number. We also note that the Q 2 −evolution of
is in good agreement with the lattice data of Ref. [29] .
In general the dipole fits work very well and provide an adequate representation of the form factor G ∆N π at spacelike values of the squared pion momentum. As described in connection with Eqs. (14) (15) , the Q 2 −evolution of the form factor is governed by the pseudoscalar vertex Γ 5 which includes all pseudoscalar-meson poles, i.e. both the pion's ground state as well as its excitations. While the pion ground-state pole and its residue were removed from Eq. (15) to obtain G ∆N π , the remaining excited states are still encoded in the vertex, hence the form factor G ∆N π must diverge at the respective pole locations. Indeed we find that the dipole mass Λ π in Eq. (19) roughly coincides with the mass of the first excited state in the 0 −+ channel which in RL trunctation, at the u/d mass and for the central ω value, is obtained as m π = 1.1 GeV [97] .
The left panel of Fig. 6 also includes the (quark-) impulse-approximation contribution to G ∆N π , i.e. the first diagram in Fig. 4 corresponding to Λ µ Q of Eq. (16) . Here the diquark is merely a spectator and, since the ∆−baryon only involves axial-vector diquark degrees of freedom, only an axial-vector diquark propagator can appear in that diagram. Fig. 6 shows that such a direct coupling to the quark provides roughly one third of the value of G ∆N π . The axial-axial contributions stemming from the second and third diagrams are comparatively small and contribute ∼ 10% to the full result. The remainder owes in equal parts to the axial-scalar transitions that are generated from the transition vertex Γ Once again, the current-quark mass dependence of the transition form factor can be studied by varying the current mass in the quark DSE. That change will be reflected in all ingredients that enter the transition matrix element. Similarly to the meson case, the overwhelming contribution to the mass dependence of the decay width Γ ∆N π comes from the phase-space factor in Eq. (A11). This is especially conspicuous in the form factor G ∆N π (Q 2 = 0) at vanishing pion momentum, shown in the right panel of Fig. 6 , which is practically independent of the current-quark mass. Similar features have been reported for N and ∆ electromagnetic form factors [58, 62] . The observation stays true for the Q 2 −evolution, i.e. G ∆N π (Q 2 ) as well as its individual contributions retain their shape throughout the current-mass range if they are plotted over a dimensionless variable such as Q 2 /M 2 N . Considering Eq. (19) , this means that the dipole fit works also well for higher quark masses since the mass of the excited pion also varies with the current-quark mass in a similar fashion as M N and M ∆ .
On the other hand, the value of g ∆N π = G ∆N π (−m 2 π ) rises with the quark mass because of the current-mass dependent pion pole location. This property is also visible for g ρππ in Fig. 5 , albeit less pronounced, as the ρ−meson mass is non-zero in the chiral limit and therefore varies over a much smaller range when evolving the current-quark mass. The shaded area in Fig. 6 indicates the threshold position M ∆ = M N + m π where the decay channel closes, and the width of the band is again induced by the ω−dependence which enters mainly through the mass of the ∆, cf. Ref. [98] .
We finally note that in determining the ∆ → N π transition form factor we have neglected the pseudoscalar seagull terms which would appear in addition to the diagrams displayed in Fig. 6 . Judging from the smallness of the electromagnetic seagulls in the case of electromagnetic form factors, this approximation might be well justified. The question of its validity can be settled by investigating the ∆ → N π transition in the three-quark framework of Ref. [62] where all such missing contributions, while no longer appearing explicitly, would be automatically included.
V. CONCLUSIONS
We presented a calculation of the hadronic ρ → ππ and ∆ → N π decays, as well as the pseudoscalar transition form factor G ∆N π (Q 2 ), in the framework of DysonSchwinger and covariant bound-state equations. A consistent construction for the decay diagrams was implemented. The ρ → ππ transition was computed from the quark-antiquark Bethe-Salpeter equation in rainbowladder truncation whereas the ∆ → N π transition was studied within the covariant quark-diquark model. All ingredients are determined self-consistently which leaves a phenomenological ansatz for the quark-gluon coupling as the only model input.
The results in both cases compare well with experimental and lattice data. The ρππ coupling is underestimated by ∼ 15% and slowly rises with the current-quark mass, in agreement with lattice results. A similar observation holds for the ∆ → N π coupling which agrees also well with the experimental result. We find that G ∆N π (0) is practically independent of the current-quark mass. Consequently, the decay widths for ρ and ∆ are mainly governed by the available phase space.
The present calculation provides a first step towards a For the decay of a particle with momentum p and mass M into two decay products with momenta p i and masses m i , with p = i p i , the decay width is given by
where the squared transition matrix element |M| 2 is averaged over the spins/polarizations, i.e.
and a sum over all final states is implicit. The phasespace factor I = κ/(4πM ) involves the quantity
which in the rest frame of the decaying particle is given by κ = |p 1 | = |p 2 |; thus the decay width becomes
In the case ρ → ππ one obtains specifically:
where from Eq. (A3) and the kinematics in Fig. 3 one has
and the polarization vectors ε 
The strong decay widths in both cases are then given by
To extract the coupling constants from the matrix elements in Eqs. (10) and (16) , one has to perform appropriate momentum contractions and Dirac traces which yields:
Appendix B: Color and flavor factors
While the color and flavor traces in the quark DSE (2) and meson and baryon bound-state equations, Eqs. (3, 5, 7) , have already been worked out in the main text, we still have to perform these traces for the ρ → ππ and ∆ → N π transition matrix elements (10) and (16) .
We work in the SU (2) f -isosymmetric limit and thus we have two degenerate quark flavors u = 1 0 and d = 0 1 . They transform according to the fundamental representation of SU (2), whereas the anti-quarks u = 1 0 andd = 0 1 transform according to the complex conjugated fundamental representation. These can be used to construct representation matrices of mesons as quark-antiquark, diquarks as quark-quark and baryons as quark-diquark bound states.
The π and the ρ-mesons discussed in this article are isovector states with three isospin projections, which can be labeled by the corresponding electric meson charge.
